Mars presents us with an example of a magnetosheath in which the interaction of the solar wind with planetary plasma of heavy ions results in a generation of strong nonlinear bi-ion MHD waves. These waves provide oscillations in the momentum exchange between protons and heavy ions and may give rise to multiple shock-like structures. One-dimensional hybrid simulations of plasma flow interaction with a "heavy ion obstacle" were performed to study the generation of shock waves in bi-ion plasma. A differential motion of protons and heavy ions leads to bunching of heavy ion flow picked up by solar wind. Plasma bunching arises because of a resonant interaction between magnetosound waves excited by beam and "slow" waves of a spatial charge in the heavy ion flow. Both kinds of waves grow, steepen and gradually evolve to shocks.
Introduction
The problem of the formation of steepened magnetosound waves (shocklets) in mass-loaded solar wind has been widely discussed (Gary and Madland, 1988; Brinca and Tsurutani, 1989; Winske, 1987, 1990; Omidi et al., 1994 and references therein). Omidi and Winske (1987) have distinguished two regimes of a mass-loading. For the quasiperpendicular case when the angle between flow velocity and the magnetic field α ≥ 70°, a deceleration of the solar wind occurs through macroscopic electromagnetic fields and a shock arises from steepened fast magnetosound pulses. For oblique angles 60°≥ α ≥ 20°, microscopic fields associated with the generation of low-frequency waves contribute essentially to the momentum exchange between solar wind protons and heavy ions. This case was analyzed by Omidi and Winske (1990) and Omidi et al. (1994) . It has been suggested that an ion beam, formed by the ionization of cometary gas, generates magnetosound waves evolving to shocklets. Simulations performed by Omidi et al. (1994) have shown that, for a beam-ring distribution of heavy ions, the instability of parallel propagating nonresonant waves is saturated by the pitch-angle scattering of ions into halfshells, while oblique magnetosound modes continue to grow, leading to their dominance and evolution to shocks. These oblique steepened magnetosound waves give rise to shocks. For quasiperpendicular angles, Winske (1987, 1990) have identified proton shocks without significant changes to the heavy ion fluid. In the present paper the additional discontinuity in heavies is found. It is worth noting that the model admits a differential streaming of ions, that is valid if the characteristic size of the system is less or comparable with the Larmor radius of heavies. The width of the Martian magnetosheath is much less than the pick-up O + gyroradius. In such systems, the widely used approach of the pick-up ring-like distribution of heavies which evolves to a shell distribution as a result of the pitch-angle diffusion on Alfvén waves (see, for example, Galeev et al., 1991) is not appropriate. The treatment used in this paper is based on biion MHD equations for Large Larmor Systems. The relative streaming of ion species may lead to a resonant interaction between "heavy ion and proton magnetosound" waves and a subsequent bunching of the heavy ion flow. We attribute the generation of multiple shock-like structures in the Martian magnetosheath and in the 1-D hybrid simulations to a coupling between both ion species with a differential ion streaming.
Observations
The lack of a strong magnetic screen at Mars which is able to stop the solar wind leads to the direct interaction of two plasmas, whereas a massive planetary plasma acts as an "obstacle" for the solar wind. Measurements made by Phobos spacecraft near Mars found that a transition from shocked solar wind dominated by protons to planetary plasma often occurs by steps via a set of shock-like structures. Figure 1 shows an example of variations of plasma parameters in the magnetosheath.
Step-like deceleration of the solar wind is observed. An obvious periodical heating of protons which replicates subsequent drops of bulk velocity and followed by a plasma "cooling', emphasizes an analogy with multiple shocks. Bunches of heavy ions and protons are clearly seen in the variations of the ratio of oxygen and proton number densities (Fig. 2) . Stratification of plasma on alternating layers of protons/heavies is revealed from the comparison of the behavior of proton and electron number densities (Dubinin et al., 1996) . When n p → n e , plasma is occupied mostly by protons. A divergence of curves of n e and n p indicates the transition from proton plasma to a layer filled by the planetary plasma. Dubinin et al. (1996) have given a qualitative scheme illustrating a formation of these structures (Fig. 3) . Near clumps of heavies, an electric field, associated with plasma and magnetic field gradients and with differential motions of ion species (eEn e = -(∇P e + ∇B 2 /8π -B∇B/4π + e/c∑n i V i × B), decelerates incoming protons. If the height of electrostatic potential is high enough, a significant fraction of protons can be reflected. Transmitted protons are accelerated at the rear side of electrostatic potential giving rise to an observed increase of proton velocity. A proton heating is provided by the compression of proton fluid, as well as by the contribution of reflected protons which gain energy in the motional electric field and pass through the shock with a high thermal spread of velocity. A subsequent set of such structures may result in a step-like transition via multiple shocks to the plasma dominated by planetary ions. Hybrid simulations of the solar wind interaction with a Step-like deceleration of the protons accompanied by their heating indicates the presence of multiple shocks. cometary plasma made by Omidi and Winske (1990) have demonstrated the appearance of multiple shocklets and a step-like transition to subsonic solar wind. The purpose of this paper is to address a question about the generation of multiple shock-like structures near Mars.
1-D Hybrid Simulations
One-dimensional hybrid simulations of the interaction of plasma flow with a cloud of heavy ion plasma were performed. Ions of each species were described as particles and electrons as a mass-less fluid. with spacings of 0.5L and time steps of 0.001-0.02T were used. The mean number of macroparticles in a cell was about 25Ϭ40 per ion species. The mass ratio of heavy ions was taken to be between 12 and 20. Plasma parameters were normalized to proton upstream values. Protons with predetermined parameters were injected into the box from the left side. A gaseous cloud of neutral atoms with m h = 12Ϭ20, which was located at X = 0, forms an obstacle by a production of ionized population. The obstacle also generates a biion flow by adding newly ionized heavy ions to the solar wind. The localized at X = 0 obstacle of a weak ion production with a Gaussian profile was immersed into the incoming solar wind flow (M A = 5). The magnetic field was nearly perpendicular to the flow velocity (α = 85°) and perpendicular to the XY plane. A normalized gas production was Q h = 0.0375 (Q h = n o ν ph /n po ω Bp , where n o ν ph is the ion production rate in the center of the cloud, n o is the maximum neutral gas density, ν ph is the photoionization rate, and n po is the undisturbed proton density).
Simulations demonstrate a coupling between ion species. Figure 4 shows variations in the fluid parameters of protons and heavy ions along the X-axis at different times, T = 100, 200, 300, 400. Newly ionized particles, originating near the source, begin to move on cycloid trajectories, taking the momentum from incoming solar wind protons. The sequence of processes, which are responsible for the strong electromagnetic coupling between protons and heavies, has been discussed by Omidi and Winske (1987) . When heavy ions are near the rest, the electron fluid slows down to provide a charge neutrality v ex~np v p /(n p + n h ). Deceleration of electrons leads to a decrease in the motional electric field E y = -1/c(v ex B z ) which causes the proton flow to be deflected in the -Y direction which is opposite to the direction of the motional electric field E y = -1/c(v x B z) > 0: 
The deflection of protons is clearly observed in the fourth panel from the top (the first column of Fig. 4) . The arising Lorentz force 1/c(v y B z ) decelerates the streaming protons which transfer the momentum to heavy ions. The bulk speed of heavies gradually exceeds the proton velocity. To supply a charge quasi-neutrality electrons begin to outrun protons that provides an enhancement of the electron bulk velocity v ex and an increase in the motional electric field E y . Proton flow is deflected in the opposite, +Y direction and the Lorentz force 1/c(v y B z ) accelerates the protons to suppress their lag behind the heavies. As a result, the heavies transfer the momentum back to the protons. A motion of both ion populations begins gyrating and the exchange of momentum between ion flows occurs in a periodical manner. The process of alternating acceleration/deceleration of heavies/ protons becomes more clear if we write the momentum equations for protons and heavies in bi-ion plasma with differential streaming (Sauer et al., 1998) : Indeed, the Lorentz force, related with a differential streaming of ion fluids (≈Δv × B), has the opposite action on protons and heavies. A "larmoring" of ion populations occurs because either ion fluid in their reference frame senses the motional electric field -(1/c)Δv × B which is supplied by differential ion streaming. At later times, a differential motion of the ions becomes unstable and a bunching on a smaller scale occurs (T = 200). Small-scale structuring of n h gives rise to subsequent variations of the plasma parameters in the same manner as has been discussed above. Bi-ion compression waves, which are generated in the process of bunching, gradually steepen and give rise to shocklets propagating in the upstream (-X) direction. At T = 300 and T = 400 these shock-like structures are visible. After the passage of these shocks, the bulk velocities of protons and heavy ions are approximately equal although strong smaller-scale fluctuations remain.
Bunching and oscillations in bi-ion plasma are clearly recognized in the plots of Fig. 5 which presents a space-time diagram of plasma/field variations. Figure 5a depicts the results of simulations for the case when shocks were not yet generated. Nonlinear waves, carried by the plasma flow downstream, appear at ~130T. Figure 5b shows that large amplitude waves gradually steepen and give rise to shocks. A formation of shocks is identified by an abrupt change of the propagating direction. Two shocks moving in the upstream direction at different speeds may be found in Fig. 5b . A "proton shock" is seen in the panels of n p or v p . Another shock, which is seen in the n h panel, propagates with a slower speed. The effects of collisions of shocks with nonlinear waves traveling downstream are also revealed. Shock-like structures are clearly observed in Fig. 6 which gives a snapshot of the plasma distribution at T = 300. A periodicity in the process of momentum exchange between protons and heavies is clearly observed before the formation of multiple shocks (Fig. 5) . The driving force of these oscillations in the momentum exchange is the Lorentz force related with a differential streaming of ion flows (~(1/ c)Δv × B), and the forces arising due to the gradients of the magnetic field and plasma pressures, which either accelerate/decelerate heavies/protons or versus decelerate/accelerate heavies/protons. When waves steepen and multiple shocks are formed, the momentum transfer is realized in steps. A step-like deceleration of protons is distinctly revealed in 1-D hybrid simulations. Figure 7 shows the spatial distribution of the plasma parameters for 1-D hybrid simulations with an extended obstacle. Heavy ions start to flow along a cycloid trajectory and achieve upstream proton velocity. Then, an abrupt deceleration of the heavies happens. The heavies undergo a sharp transition and their bulk speed decreases to a value that is less than the proton speed. The subsequent reacceleration of the heavy ions by the Δv × B force is followed by the next deceleration and the process repeats but an increment of heavy ion velocity becomes smaller, because of an increase in the total mass of heavies taking momentum from the proton flow. Variations of the proton bulk velocity occur in an anti-phase with the velocity of the heavies.
Discussion
A prominent feature of 1-D hybrid simulations is the distinct bunching of the heavy ion flow. It is suggested that bunching is caused by an ion beam-plasma interaction. Waves of the spatial charge of a beam in plasma are described by the dispersion relation ±ω beam = ω -kΔv. The signs ± correspond to so called fast and slow waves. For an ion beam in unmagnetized plasma, these waves may be considered as ion sound waves propagating in both directions. If a slow mode (Δv -ω beam /k), which is a wave of negative energy, is synchronized with a plasma wave ω/k of positive energy, generated by a beam, then instability develops because bunches of the density of a beam come to the resonance with bunches in plasma and grow with time: Δv -ω beam /k ≈ ω/k.
Addressing the question of the origin of waves, consider Eqs. (1)- (5) given in a related paper by Sauer et al. (1997) . Using these equations together with the condition of quasineutrality n e = n p + n h and making the assumptions about isothermal electrons P e = n e kT e and cold ions T p , T h << T e, we can easily obtain the dispersion relation for the case of B pointing out the simulation plane. If we neglect, for simplicity, the first terms in (2)-(4) of Sauer et al. (1997) , the dispersion relation has a similar form as that for unmagnetized plasma (McKenzie et al., 1993) : are magnetosound, Alfvén and sound speeds for protons and heavies in bi-ion plasma. Within the proton reference frame, the dispersion relation may be written in the form:
where Δv is the differential velocity of heavy ions and protons, Δv = v h -v p . If the relative streaming and abundance of heavies is small, i.e., Δv ~ 0 and n h /n p <<1, the existence of two modes follows from the dispersion relation:
These modes may be referred to as "proton" and "heavy ion" modes. A differential streaming of ion populations may lead to a coupling between these modes. If abundance of heavies is much less than that of protons (c Mh << c Mp ), the velocity of a slow mode, traveling with the beam, is mainly determined by the convection velocity of that beam (Δv). A beam of heavies generates magnetosound waves (c Mp ) in "proton plasma". Bunches of the plasma density in this wave will grow if they come to the resonance with bunches in the heavy ion flow, and for plasma oscillations propagating in the ϕ-direction, resonance between waves may happen (c Mp ≈ Δvcosϕ -c Mh ). The scheme in Fig. 8 illustrates the geometry of the resonance conditions. At any point along the cycloid trajectory of heavies the relative velocity of heavies and protons is Δv. Slow mode, carried by heavy ion beam, can resonantly interact with magnetosound waves (v ph ~ c Mp ) generated in the proton plasma. Two-dimensional bi-ion MHD simulations confirm this pattern. Multiple Mach cones emanate from knots of bunched flow of heavy ions (Fig. 9) . In their turn, the knots track the direction of the slow mode carried by the ion beam.
It is worth noting that two modes, traveling in the proton flow, may be found from the panel of n p (Fig. 5a) . The velocities of these modes in the laboratory reference frame are about of 5.3v Ap and 1.8v Ap . Perturbations in heavy ion density are carried by ion flow with higher velocity 6.8v Ap . One interesting feature is that values of these velocities don't vary although the relative speed of the heavy ions and protons varies essentially. A plausible explanation is that slow wave, carried by heavies, travels in the Δv-direction in the proton reference frame (Fig. 8) . In the laboratory system, the wave propagates along a "cycloid trajectory" (Δv + v p = v h ) of heavies. Therefore, (ω/k x = v h /cosθ), where θ is the angle between v h and the X-axis. The θ-angle for a cycloid trajectory is cosθ = v h /2aω Bh . Then, ω/k x = 2aω Bh , where 2a is the height of the cycloid (a = v p /ω Bh ), and does not depend on the local speed of the heavy ion flow. In reality, both ion fluids, heavies and protons, move along modified cycloid gyrating around each other with a bi-ion cut-off frequency Ω* = ω Bp (n h /n e ) + ω Bh (n p /n e ). The height of a modified cycloid, which describes the motion of heavies, is smaller due to momentum exchange between ion species. The wavelength S mod of the modified cycloid is about of 250L, instead of 370L for an ideal cycloid which describes the motion of a test particle (S id = 2πa = 2π(v po /ω Bh ), where v po = 5v Ap , ω Bh = ω Bp /12). Therefore, the phase velocity of the slow mode in the laboratory system may be evaluated as 2a mod = 2(v p /ω Bh )·250/370 ≈ 6.8v Ap , which is in reasonable agreement with the simulations. Another mode is generated because protons travel not strictly along the X-axis, but also gyrate. This provides a beam propagating along the proton cycloid, and a wave with a speed (ω/k x ) of about v ph,2 x ≈ 2a p ω Bp , where 2a p is the height of the proton cycloid, is expected. The height of the proton cycloid is at m p n p /m h n h ≈ 4 times less than that the corresponding height of the trajectory for heavies because of the momentum and energy conservation (Δv p ≈ (m h n h /m p n p )·v p ). Then, the phase velocity v ph,2 x ≈ 6.8v Ap ·0.25 ≈ 1.7v Ap . The phase velocity of the third wave is v ph,3 x ≈ 6.8v Ap -1.5v Ap = 5.3v Ap . Both values are in a reasonable agreement with simulations.
It is worth noting that in LLR systems, the Lorenz force related with the relative motion of both ion species becomes important. Moreover, the motion of heavies is mostly affected by the action of the Lorentz force (1/c)(n p /n e )Δv × B (the first term on the left-hand side of the momentum equation for heavies). Indeed, the ratio of the Lorentz force term, related with relative motion of ions, (e/c)(n p /n e )(Δv/ m h )B to the pressure term ∇B 2 /m h 8πn e is about of 2(Δv/ v Ap )(ω Bp /V Ap )l, where l, is a characteristic scale of the system and L is a proton inertial skin length L = V Ap /ω Bp . For the case of Δv ≅ v p , the ratio is 2(l/L)M A >> 1. If Δv ≅ v A , the ratio of terms is also large because l >> L. In the momentum equation for protons, the pressure term may be dropped only when the number density of heavy ions is not very low (2(Δv/v Ap )(l/L)(n h /n e ) >> 1). The differential speed Δv may be evaluated from the momentum equations by neglecting of pressure terms: where Ω* = ω Bp (n h /n e ) + ω Bh (n p /n e ) is the bi-ion cut-off frequency with which both ion groups gyrate around each other. Therefore, the elimination of the force related with the differential streaming of ion flows is not well justified. The dispersion relation becomes more complicated, but the mechanism of bunching remains the same. For a "heavy ion beam" in a transverse magnetic field, bunching is mostly provided by the Lorentz force (e/c)(Δv ⊥ × B) x which oscillates with Ω* frequency. This oscillating motion excites the so-called bi-ion waves and the resonance condition in the proton reference frame has the form:
The characteristic wavelength of bunching may be approximately evaluated in the following way. A stabilization of beam instability occurs due to the trapping of particles in the potential troughs of the waves: Here S = 2πv p /Ω* is the wavelength of the cycloid, and n = v p c Mp /(c MS *) 2 = v p /c Mh is a number of bunches. For plasma parameters used in the 1-D simulations (the localized obstacle, m h = 12 m p , β = c sp 2 /v Ap 2 = 1), the number of bunches in the cycloid wavelength is about 50 and the step between bunches is about λ ≈ 2π/k ~ 8L. This value differs by a factor of 2 from the 1-D simulations.
